Diatoms are unicellular photosynthetic algae with enormous diversity of patterns in their silica structures at the nano-to micronscale. In this study, we present results, which support the hypothesis that silica nanoparticles are released into the diatom culture medium. Formation of an opalescent film by the self-assembly of silica nanoparticles produced in the growth medium of diatoms. This film was formed on the filter paper from the culture medium of a Coscinodiscus sp. culture. A number of diatoms with partially opened valves were observed on the film surface under light microscopy and SEM, which indicates that cell contents inside of diatoms had been released into the culture solution. AFM images of produced an opalescent films show ordered arrays of silica nanoparticles with different diameters depending on the colors observed by light microscopy. The film forming silica nanoparticles are either released by the diatoms during reproduction or after cell death. This approach provides an environmentally friendly means for fabricating silica nanoparticles, decorative coatings and novel optical materials.
INTRODUCTION
There is a significant interest in the science and technology of gaining inspiration from nature for the production of nanostructured materials [1] [2] . Biomaterials made through the process of biomineralisation are highly controlled from the molecular level to the nanoscale and the macroscopic level resulting in complex bioinorganic architectures [3] . Understanding the processes involved in biomineralisation may eventually allow mimicking these structures and producing new materials with advanced mechanical, magnetic, optical, electrical, piezoelectrical, or adhesive properties [3 -5] .The exploitation of the biosynthetic activities of microbial cells for the synthesis of nanostructured materials has recently emerged as a novel approach for the fabrication of metal and semiconductor nanoparticles [6] .
The unicellular algae known as diatoms are outstanding examples of micro-and nanostructured materials in nature [7] . They produce exceptional three-dimensional silica scaffolds, which have great potential for nanotechnological applications [8] [9] . The technological importance of diatoms is the subject of a series of recent reviews on the interface of nano-and biotechnology [5, 812] . Applications in filtration systems, in immunoisolation, biosensing, optoelectronics and as templates for fabrication on nanomaterials have been demonstrated [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
The diversity of diatom structures is extraordinary and each of the estimated 10 5 diatom species has a specific shape decorated with a unique pattern of nano-sized features such as pores, ridges, spikes and spines [4] . Furthermore, each diatoms often features several hierarchical layers of porous membrane differing in size and pattern. Their main morphological feature is the frustule, a silica cell wall that consists of two valves, encasing the protoplasm, joined together by siliceous girdle bands. The frustule of centric diatoms consists of a honeycomb of hexagonal chambers, called areolae. In general, each chamber has an outer surface, exposed to the external environment and an inner surface. One of the two surfaces is perforated by large, round holes called foramen, while the other surface contains one or two silica plates (cribellum and cribrum) perforated by a complex and highly symmetrical pore arrangement [17] . An insight into the remarkable diversity of diatom silica architectures can be gained from Figure 1 , which shows SEM images obtained from several diatom species. Because of the chemical similarity of the diatom silica to the silica mineral opal, diatoms are often referred to as jewels of the sea or living opals [18] . Recent studies using high resolution atomic force microscopy imaging revealed that diatom silica structure is build by silica nanoparticles [19] [20] The interaction with light produces stunning structural colors with intense diffraction and interference effects when diatoms are observed under a light microscope (Figure 2) . Displaying a play of gleaming colors like those of the rainbow, this phenomenon is caused by multiple reflections from multilayered, semitransparent surfaces in which phase shift and interference of the reflections modulates the incident light by amplifying or attenuating some frequencies more than others. The photonic crystal properties of the diatom's girdle band structures were recently confirmed suggesting that diatoms are living photonic crystals [21] . The molecular mechanism of the biosilification process is still not well understood. Recent studies have revealed the role of biomolecules including zwitterionic proteins (silaffins) and long chain polyamines in catalysing and controlling silica precipitation and the formation of species-specific nanopatterns [5, 17] . Silicic acid Si(OH) 4 , the precursor of silica in the aqueous environment is supplied to diatoms via transmembrane transporter proteins called silicic acid transporters,
The accumulated silicic acid is transported into specialized intracellular vesicles, the silica deposition vesicles (SDVs). The SDVs are activated after cell division where daughter cells each build one valve and receive one from the mother cell. Two models have been proposed for the rapid two dimensional precipitation of silica nanoparticles and valve morphogenesis that include diffusion limited aggregation and phase separation [18] . In either case, the aqueous interface between vesicles or organic droplets promotes silicification into a honeycomb-like framework. Silica precipitation causes dispersion effects creating new interfaces and continued silica formation [17] . Principles and mechanisms established in recent years have been avidly translated into research on biomimetic synthesis of silica nanostructures, where silaffins, synthetic peptides and polyamines have afforded excellent control over silica morphogenesis [22] .
Diatoms can routinely be grown to more than million cells per ml of culture medium, offering the opportunity for large scale and cheap production of nanostructured silica. In this study, we present results that demonstrate the formation of opalescent film of silica nanoparticles from diatom culture medium. We suggest that the film forming silica nanoparticles are either released by the diatoms during reproduction or after cell death. Our observation might lead to an environmentally friendly pathway for fabricating silica nanoparticle films for decorative coatings and novel optical materials.
EXPERIMENTAL
Coscinodiscus sp. and Thalassiosira eccentrica were obtained from CSIRO, Marine Research (Hobart, Tasmania, Australia). The cultures were maintained at 20 ˚C using a 12 hour light / 12 hour dark cycle. GSE medium was used to culture Coscinodiscus sp. and Guillard's medium (f/2) was used for T. eccentrica [23] . The live diatoms were harvested after 1-2 months of culturing and cleaned using a procedure described elsewhere. Aliquots of growth media after the culturing period was filtered through the teflon filter (pore size 1 µm) and examined by light microscopy, scanning electron microscopy (SEM) and atomic force microscopy (AFM). The opalescence film on the filter paper is observed through filtration of culture media. In culture media without of diatoms is used as control. To obtain clean diatom structures from diatom culture media, organic material was removed by treatment with concentrated sulphuric acid and surfactant (2 % SDS in 100 mM EDTA). Acid treatment causes the separation of the diatom frustule into the 2 frustule valves and the girdle band. On the other hand, a surfactant treatment preserves the whole diatom structure. Cleaned diatom silica for both procedures was stored in 100% ethanol. The structural characterisation of diatoms was performed by SEM and AFM. One drop of cleaned diatom suspension was deposited onto freshly cleaved mica or silicon wafers previously coated with polylysine (from 0.01% aqueous solution of poly-L-lysine).
SEM studies were performed using a Philips XL 30 field-emission scanning electron microscope in combination with energy-dispersive X ray (EDX) analysis. The samples with diatoms were coated with a thin platinum layer and mounted on microscopy stubs with carbon sticky tape.
AFM imaging was performed using a Nanoscope IV Multimode SPM (Veeco Corp., Santa Barbara, USA). Images were acquired in air using contact and tapping modes. Oxide-sharpened silicon nitride probes (NP-S, Veeco Corp.) of spring constant k = 0.15 N/m were used for contact mode experiments. Olympus silicon probes (TESP, Veeco Corp.) were used for tapping mode experiments. These probes were cleaned in water plasma (6 mA source, 0.05 Torr water) for 3 minutes and characterised using a silicon calibrating grating (TGT 01, Silicon-MDT Ltd., Russia). Different parts of the frustule from the central to the peripheral areas were scanned on the inner and outer frustule surface. Image processing was performed using Nanoscope off-line software (Veeco Corp.) and SPIP (Image Metrology, Denmark.
RESULTS AND DISCUSSION
For this research two centric diatom species were cultured, Coscinodiscus species and Thalassiosira eccentrica. Both species are frequently found in marine habitats and are ubiquitous components of diatom blooms. To gain a better understanding of biomineralisation process in diatoms the morphology of their silica structure at both nano-and micronscale is presented in our previous work [19] [20] . High resolution images of the frustule prove that the silica wall material is composed of silica nanospheres with size of 80 -150 nm. Light microscopy investigation shows their strong opalescent color from diatom body, (Fig. 2) . We assumed this opalescent effect originated from these fused silica nanoparticles. The interference effect depends on the angle at which light strikes the surface, hence the diatom appears to change color as it the observes moves position, as with a thin film of oil on water. Iridescent effects are used widely in color of cosmetics products and personal care packaging, and there is potential for using diatoms in this industry. In this work we show that silica nanoparticles films with bright opalescent colors can be obtained from the diatom culture media. Diatoms were grown in culture media for 1-2 moths and the growth media was subsequently filtered through filter paper. A film with displaying a wide range of colors visible to the naked eye was formed on the filter surface. Optical microscopy was used for examination of the prepared film and a series of typical images are shown in Figure 3 . The opalescent films often show colorful domains of sometime regular geometry (triangular or square). EDX analysis confirms the silica composition of the film. The obtained films showed different colors from blue to red. In order to understand the formation of this film we performed investigation of diatoms that were collected on the film. A typical SEM image of an intact diatom Coscinodiscus sp. is shown in Figure 4a . However, light microscopy and SEM images show a numbers of diatoms observed on film surface with fully and partially opened valves (arrow) (Figure 4 bd ). This indicates that contents inside diatoms have been released into the culture solution. AFM and SEM of cell material escaped from diatom show the presence of spherical nanoparticles (Figure 4 f) . It is well known that silica nanoparticles are formed inside of diatoms and SDV during biomineralisation process and the nanoparticles in the film might originate in the SDV [17] . It was interesting that an opalescent film was formed on the filter from the Coscinodiscus sp. culture medium (GSE), but not from the culture medium (Guillard's medium, f/2) of another centric diatom, T. ecentrica's. These differences are attributed to different chemical composition of culture media and the fact that valves of T. eccentrica stayed closed under the same condition. The size of T. eccentrica diatoms are about two times smaller than Coscinodiscus sp. Optical microscopy examination has shown significantly lower density of cell culture grown for the same time and the retaining their compact structure is likely result of their healthier condition. This suggests that valve opening of diatoms and release of cell contents into the culture media is a crucial step for particle film formation. We propose that diatom death caused by starvation or bacterial attack during longer culturing is responsible for their valve opening. \ AFM characterization of particle size from areas of the opalescent film with different colors were performed and images reveal that the corresponding color of the spot is related to average particle diameter ( Figure 5 ). This result proves that observed colors in silica film are structural colors. Blue colored regions feature with smaller silica spheres (150-250 nm diameter) and red areas larger sized spheres (250-400 nm diameter). The observed colors are generated by Bragg light diffraction in a similar way to gem opal where the diameter of the spheres controls the color (range) observed. Also the packing of spheres generates voids in the structure of the film which act as an optical diffraction grating for visible light. The formation of silica nanoparticles and nanoparticle opalescent film is not clear at this stage. We believe that the silica nanoparticles are either released by the diatoms during reproduction or after cell death. There are two possible options of their formation. One is that silica nanoparticles were formed inside of cell and escaped from diatoms after cell death. These nanoparticles were assembled into opalescent film during filtration process. We observed nanoparticles on escaped cell materials that support this hypothesis. A high population of diatoms cells observed in culture media after one month of culturing was enough to supply silica nanoparticles to form a visible opalescent film. Another possibility is that silica nanoparticles are formed in the culture medium through the action of biomolecular catalysts such as silaffins or long chain polyamines released into the growth media during reproduction, or after death. The precursor of silica, silicic acid Si(OH) 4 , exists in culture media and silicic acid can be easily polymerized by these catalysts into small silica aggregates and form silica nanoparticles [22] [23] . In vitro, biomimetic synthesis of silica nanoparticles by silaffins isolated from diatoms has been proved by several groups [22] [23] [24] . Current research is in progress to isolate these biomolcules from culture media and further characterize the opalescent biosilica films in order to resolve this process.
CONCLUSION
The formation of opalescent films by self-assembly of silica nanoparticles produced in the growth medium of marine algae (diatoms) is demonstrated for the first time. AFM images of these films show the presence of ordered arrays of silica nanoparticles. As the color of the film under light microscopy observation changes, so does the average diameter of the nanoparticles in the AFM. A number of diatoms with partially opened valves were observed on the surface of the obtained film which indicates that cell contents inside of diatoms could escape into the culture solution. An opalescent film was formed from Coscinodiscus sp. culture medium but not from T. eccentrica. We believe that the film forming silica nanoparticles are either released by the diatoms during reproduction or after cell death. Alternatively or in addition, silica nanoparticles may be formed through the action of biomolecular catalysts such as silaffins or long chain polyamines released into the growth media. Further research will investigate whether the silica nanoparticles are produced intracellularly and then released or whether synthesis occurs in cell culture medium. This approach provides an environmentally friendly means for fabricating silica nanoparticles, artificial opal films, decorative coatings and novel optical materials. The structural colors made by manipulation on the nanoscale could also provide new and unexplored ways for artistic creation in a new field called NanoArt.
